A definition is proposed for the number o f electrons x involved in a three-center bond, based upon the corresponding two-center bond indices. The number o f electrons is fractionary, ranging from about 1 to somewhat more than 4 in the systems considered here. I t is seen that the sign o f the three-center index does not depend on % ■
Introduction
The concept of three-center bond is almost contem porary of the Lewis two-center electron pair bond [1] , A distinction is made between two-electron (2e) and four-electron (4e) three-center (3 c) bonds.
or diborane are taken as paradigms of 3c-2e bonds and (F H F )" of 3c-4e bonds [1] .
We have introduced a three-center bond index [2] in satisfactory agreement with certain experimental data. The values obtained have negative sign. Sannigrahi and K ar [3] affirm that 3 c bond indices have no chem ical significance unless they are positive. In [4] , it is asserted that negative values could be associated to (3c-2e) bonds, while positive values should indicate (3c-4e) bonds. We show elsewhere that the sign has a straightforward meaning [5] and here that in M O the ory the number of electrons taking part in such a bond may be seen from a different viewpoint.
The original Coulson bond order [6 ] has been de vised for the ti electrons of alternant hydrocarbons; n systems including heteroatoms led to bond orders which are not comparable with C -C bond orders [7] . Almost universal consent assigns for example a bond order of 2 for the C = C bond in ethylene [8 ] . Very few examples may be found in early literature which throw ti population wholly on the bonds [9, 10] sical bond w ith population close to 2 w ith a small fluctuation from this value. The overwhelming major ity of population analysis, of which M ullike n 's [13] is by far the most popular, assigns a bond value of 1 , 2 , and 3 for single, double and triple bonds, respectively.
W hen all-valence-electrons calculations were intro duced, Hoffm ann's E H T (extended H ückel theory) [14] used M ulliken's population analysis, which has the drawback of becoming zero for orthogonal bases. The other approxim ation dealing w ith all-valenceelectrons at that time was C N D O (complete neglect of differential overlap) w ith its alternative IN D O (in complete neglect o f differential overlap) and, in par ticular, the C N D O /2 variation [15] . M ullike n 's or bital-orbital population lends itself to be contracted to an atom-atom po pulation; C N D O orbital-orbital population does not. In order to compare E H and C N D O /2 results, W iberg [16] was obliged to devise a new bond index for C N D O , by the way in a very humble footnote. Trindle [17] proposed for it a sub division into self-charge and active charge analogous to M ulliken's atom ic and overlap populations. M IN D O /3 [18] and M N D O [19] came later.
A few years after the work o f Wiberg, which did not receive the full deserved attention, we proposed a bond index which generalized W iberg's when nonorthogonal bases were used. A lthough we used it in all-valence electrons calculations [7, 20] , nothing pre vented taking into account the core electrons or en larging the basis.
Com ing back to our three-center index, we are led to seek an answer to the question; how many electrons are there in a three-center bond?
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The Three-Center Bond Index
We restrict ourselves to the ground state of closedshell systems, which can be described through a singledeterminant wave function. The first-order density matrix is a mixed tensor [ i? a = 4 n b a n g ,
which may also be represented by a matrix; this one is symmetric (otherwise, the tensor could not be repre sented by a matrix), while the matrix in (1 ) is asymmet ric for non-orthogonal bases. In these cases, there ex ists a convention stating that the covariant index indicates rows and the contravariant index columns of the corresponding matrix. Contracting the tensor in (2 ) we obtain the bond index I AB for the bond (formal or not) linking atoms A and B [7, 21] i AB = 4 z n b a ri£.
ae A beB
This may be related w ith the correlation between the fluctuations of the charges qA and qB from their aver age values [22, 23] :
4 a being the charge operator and [22, 23] < 4 a > -4 a = 2 Z n a a; iV = 2T ri7 .
aeA
The idempotency of the 17 matrix allows us to write [7, 21] w -* -( i) ( < " +.S . 4 (6) The charge qA is M ulliken's gross population with a quite different partition into self-charge and active charge [17] .
Sannigrahi and K ar [3] have made an interesting ob servation, namely that a higher-order bond index can not generally be determined from a knowledge of lower-order bonds. The sum m ation in (7) includes the possibility of equal subindices {A, B o r C); i.e,, terms in one, two and three centers appear in N . IABC is invariant for any perm utation o f A, B ,C , cyclic [3] or not. This is easily seen when w riting the tensor equiv alent to (2 ):
For the contraction to be carried out, the order of the indices is im material, as long as it involves a covariant with a contravariant index; however, it cannot involve the covariant and contravariant index of the same II matrix, for in this case the three-center A B C index splits into one-center and two-center indices.
If we write the expression for IABC equivalent to (4) for IAB, we obtain [5]
uses to be positive (although it is not positive definite in non-orthogonal bases). Thus, (4) means that if qA fluctuates in one sense from its average value, qB fluctuates in the opposite sense. As to I ABC, the three fluctuations in (9) are not likely to be a ll in the same sense; if two are in one sense and one in the opposite sense, either positive or negative values are to be found, with no evident connection at all with two or fo u r electrons in the three-center bond.
Recently, covalent bond orders have been proposed [24] within the framework of Bader's topological the ory o f atoms in molecules [25] ; they are compared with W iberg indices, stating (incorrectly) that both give zero for so-called noninteracting pairs of atoms [24] , O n the contrary, W iberg indices and their gener alization emphasize the role of "long bonds" or "sec ondary bonds" [7, 21, 26, 27] ; they are most im portant in three-center bonds [2, 3, 4, 28, 29] . A sharing index has also been developed [8 ] and has been compared with covalent bond orders [30] , sharing indices being half o f covalent bond orders in some cases and quite close in value in most of therm. We think that some of the values reported [8 , 24, 30] are too low when com pared with those one could expect from chemical in tu ition. We find, for example, that the indices for L iH should be closer to 1 [29] .
Mayer [31] has proposed a model for three-center bonds, where a single atomic orbital is assigned to each of the three centers. This model is used in [4, 32, 33] . Reference [32] [4] , K ar states that qA + qB + qc = 2 for a (3c-2e) bond. I t is curious that neither of them takes into account the partition into active and self-charge.
H ow many electrons there are in a three-center bond, depends obviously on the model. As the self charge is confined w ithin the atoms, we would say that in a three-center bond A B C there are % electrons:
X -^A B + h c + ^AC-(10)
We shall see in the next section that x is frequently neither 2 or 4.
3. R e su lts a n d D isc u ssio n Table 1 shows a trend in / HOH and I HH. which we have found also in other X H n-type compounds (N H 3, N H 4 and C H 4). Even if the fifth decimal is obviously not significant, we have reported the figures in order to evidence that I XH is maxim um and / HH< = I HXh' = 0 at the equilibrium position. As a consequence, due to Table 2 the values of % and IABC for C 0 2 and C 3. We have seen [2, 21] that these molecules have significant secondary bonds. I t is quite striking that, although % is somewhat higher than four in b oth of them, their three-center bond indices differ in sign.
O ne of the paradigms o f (3c-2e) bonds, H 3 [1] , has the most peculiar characteristic o f being self-consistent "a priori", in the terms of [34] , That is, any quan tity calculated is independent from the basis used. Thus, 2 = 1.333 and IABC = 0.296. O nly for a model where atoms retain no charge and give up a ll to the bonds, the % value can be 2 .
The other usual model for a (3c-2e) bond is B 2 H 6 [1] . P auling [35] We have reported in Table 3 x and IABC for a sample o f systems. Let us examine, first o f all, the paradigm for (3c-4e) bonds, i.e. (F H F ) -. Once again, supposing that fluorine furnishes to the system only one electron, this is a (3c-4e) bond if and only if a ll the charge involved is active charge. Actually, x for all hydrogen bonds (including other ones no t reported here) is ap proximately 1, but IABC suffers larger variations, Even if we have found that the IABC values for the peptide bond N C O are of the same order or magnitude than those of strong hydrogen bonds [2 ] , % gives around 3 electrons for it.
For nitrous oxide N 2 0 , the values obtained for % are consistent w ith the previously obtained bond in dices [2 1 ] which, in turn, agree w ith recent studies discarding the classical hypothesis of a pentavalent Table 2 . % and I ABC for C 0 2 and C 3, calculated follow ing different ap proximations. Geometries as in [2] and [21] .
0 [3] . Table 3 . % and I ABC for a sample of systems, calculated follow ing different approxim ations. Geometries as in [2] and [21] . Table 4 . % and I ABC for (L iH )2, C1F3 and SF4, calculated follow ing different approxim ations. The geometry o f (L iH )2 is taken from [40] , that of C1F3 from [42] and that o f SF4 from [43] . [37] , The long N -N ' bond in N 2 0 4 [38] is certainly related to the low value of 7NN.0 , 5 to 6 times less than that of J ONO reported in Table 3 . As to %, it is * 2 for (N N 'O ); accordingly, the "very long bond" N O index is almost zero.
For ozone we find also % cs 3, although the predom inant resonance structures would ascribe six electrons to it [39] . O ne m ight be tempted to double all % values, obtaining numbers more in agreement with the Lewis model. This w ould lead to the definitely unacceptable result o f x -2.666 for H j .
We have chosen to include (L iH ) 2 in Table 4 , in stead of Table 3 , because it decidedly has no t a hydro gen bond as those of Table 3 : it has a positive IABC value, and % is significantly higher. The table shows also x and IABC for C1F3 and SF4, where different three-center associations are possible. The values for x split into two groups; x > 2 (C N D O , STO-3G*) and a range 1.2-1.7 (IE H , STO-3G, 6-31G*). The C N D O approxim ation includes 3d orbitals for the secondrow atoms. It is therefore not surprising that C N D O performs almost as STO-3G*; it is however unex pected that the IE H values are so close to the STO-3G ones and no t too different from those issuing from a 6-3.1 G * calculation. As to the 6-31+ G * approxima tion, chemical in tu itio n looses a reference frame with the introduction of diffuse functions; the very notion of an atom w ithin a molecule becomes affected.
Inspection of the tables leads to the m ain conclu sion that the IABC's order of magnitude and sign are fa irly independent o f the bases used in the calculations and that semiempirical methods are as competitive as "ab in itio " ones for this kind o f concepts.
In short, the number of electrons in a three-center bond is fractionary and ranges from about 1 to some what more than 4.
